Cell surface lectin staining, examination of Golgi glycosyltransferases stability and localization, and matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis were employed to investigate conserved oligomeric Golgi (COG)-dependent glycosylation defects in HeLa cells. Both Griffonia simplicifolia lectin-II and Galanthus nivalus lectins were specifically bound to the plasma membrane glycoconjugates of COG-depleted cells, indicating defects in activity of medial-and trans-Golgi-localized enzymes. In response to siRNA-induced depletion of COG complex subunits, several key components of Golgi glycosylation machinery, including MAN2A1, MGAT1, B4GALT1 and ST6GAL1, were severely mislocalized. MALDI-TOF analysis of total N-linked glycoconjugates indicated a decrease in the relative amount of sialylated glycans in both COG3 KD and COG4 KD cells. In agreement to a proposed role of the COG complex in retrograde membrane trafficking, all types of COG-depleted HeLa cells were deficient in the Brefeldin A-and Sar1 DN-induced redistribution of Golgi resident glycosyltransferases to the endoplasmic reticulum. The retrograde trafficking of medial-and trans-Golgi-localized glycosylation enzymes was affected to a larger extent, strongly indicating that the COG complex regulates the intra-Golgi protein movement. COG complex-deficient cells were not defective in Golgi re-assembly after the Brefeldin A washout, confirming specificity in the retrograde trafficking block. The lobe B COG subcomplex subunits COG6 and COG8 were localized on trafficking intermediates that carry Golgi glycosyltransferases, indicating that the COG complex is directly involved in trafficking and maintenance of Golgi glycosylation machinery.
Introduction
The Golgi apparatus is a hub of intracellular protein trafficking and a major site for the glycosylation of proteins and lipids (Warren and Malhotra 1998) . Protein traffic through the Golgi occurs in both anterograde (cis-to-trans) and retrograde (trans-to-cis) directions (Shorter and Warren 2002) . The steady-state localization of Golgi glycosylation machinery is maintained through retention and retrieval mechanisms (Opat et al. 2001) . Proposed Golgi retention mechanisms Munro 1998; Nilsson et al. 2009; Tu and Banfield 2010) include enzyme oligomerization/aggregation (Aoki et al. 1992; Nilsson et al. 1993; Opat et al. 2000; Qian et al. 2001 ) and lipid-based protein partitioning (Tang et al. 1992; Teasdale et al. 1992; Wong et al. 1992; Munro 1995) . The motif-based retrieval mechanisms (Schmitz et al. 2008; Tu et al. 2008) include the coat protein (COPI)-dependent (Helms and Rothman 1992; Glick et al. 1997 ) and COPI-independent (Girod et al. 1999 ) intra-Golgi and Golgi-endoplasmic reticulum (ER) recycling of components of glycosylation machinery. Both Rab and Arf subfamilies of small GTP-binding proteins and their effectors are required to maintain the Golgi homeostasis and proper localization of Golgi resident glycosyltransferases (Bonifacino and Glick 2004; Ohtsubo and Marth 2006) . We, and others, have previously demonstrated that one of the Rab effectors, the conserved oligomeric Golgi (COG) complex, is essential for the proper localization of Golgi-localized glycosyltransferases and several other Golgi resident proteins (Shestakova et al. 2006; Ungar et al. 2006; Smith and Lupashin 2008) .
The COG complex, a putative Golgi tethering factor, consists of eight proteins named COG1 through COG8 (Suvorova et al. 2001 (Suvorova et al. , 2002 Whyte and Munro 2001; Ungar et al. 2002) . Based on yeast genetic studies and observations with electron microscopy (Ungar et al. 2002) , the COG subunits have been grouped into two lobes consisting of COG1 to COG4 for lobe A, and COG5 to COG8 for lobe B. Mutations or depletions of the COG complex subunits lead to improper glycosylation of glycoproteins and glycolipids in both yeast and mammalian cells (Bruinsma et al. 2004; Shestakova et al. 2006) and in humans cause multiple organ system pathologies referred to as congenital disorders of glycosylation (CDG) (Wu et al. 2004; Foulquier 2009 ). Several experimental approaches have been used to characterize the glycosylation and trafficking defects in fibroblasts isolated from COG-deficient human patients, including peanut agglutinin (PNA) lectin-staining of plasma membranes (Foulquier et al. 2006 (Foulquier et al. , 2007 Kranz et al. 2007; Morava et al. 2007; Ng et al. 2007) , isoelectric focusing of serum glycoproteins (Wu et al. 2004) , Brefeldin A (BFA)-induced redistribution of Golgi resident protein to the ER (Steet and Kornfeld 2006) , and matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis of serum glycoproteins (Foulquier et al. 2007; Kranz et al. 2007; Paesold Burda et al. 2009; Reynders et al. 2009; Zeevaert, Foulquier, Cheillan, et al. 2009 , Zeevaert, Foulquier, Dimitrov, et al. 2009 ). These studies revealed an array of protein glycosylation and trafficking defects in cells that were chronically depleted for COG complex function. However, the systematic characterization of the primary glycosylation/trafficking defects in cells that are acutely depleted for different COG complex subunits was absent. We have previously characterized glycosylation and membrane trafficking defects in both COG3-and COG7-depleted HeLa cells (Shestakova et al. 2006) . In this work, we have extended our initial studies to systematically characterize and compare glycosylation and Golgi trafficking defects in HeLa cells acutely depleted for COG2, COG4, COG6 and COG8 subunits.
Results

COG complex depletions alter the N-linked glycosylation of plasma membrane-localized glycoconjugates
Recently published characterization of human fibroblasts obtained from patients with CDG-II that are deficient for the COG complex subunits demonstrated that the plasma membrane of these mutant cells is positively stained with fluorescently labeled PNA (Foulquier et al. 2006 (Foulquier et al. , 2007 . The PNA binds specifically to terminal galactosyl residues (Lotan et al. 1975 ) and therefore PNA-positive staining indicates that there is an increase in the amount of terminal galactoses in plasma membrane O-linked glycoconjugates in COG-deficient cells. We have demonstrated previously that glycosylation of plasma membrane-localized CD44 is significantly altered in both COG3 KD and COG7 KD HeLa cells (Shestakova et al. 2006) . To test whether the COG complex-depleted HeLa cells are also prone to accumulate cell surface O-linked glycoconjugates with terminal galactose residues, we have efficiently knocked-down different COG subunits with specific siRNAs (Supplementary data, Figure S1 ) and then incubated COG-deficient cells with PNA-rhodamine. HeLa cells treated with a scrambled siRNA were used as a negative control. The low-density lipoprotein (ldl) B (COG1 KO) and ldlC (COG2 KO) Chinese hamster ovary (CHO) cells were used as positive controls. Control CHO cells were not capable of binding PNA-rhodamine, while both ldlB and ldlC cells were intensively decorated with the lectin, validating our staining procedure ( Figure 1F ). All COG knockdown cells were brightly stained with PNA-rhodamine, but, unexpectedly, we found that the control HeLa cells were also capable of binding PNA and were stained to approximately the same intensity as the COG subunit knockdowns ( Figure 1A ), indicating that PNA staining is not applicable for analyzing glycosylation abnormalities in HeLa cells. Similar results were obtained when cells were incubated with Alexa-488-PNA (data not shown). PNA staining was increased in cells treated with neuraminidase and was abolished in cells incubated in the presence of 100 mM lactose, validating the specificity of the lectin binding to HeLa cells ( Figure 1I and Supplementary data, Figure S2 ).
In order to find the reagents that will specifically probe for glycosylation abnormalities in HeLa cells, we tested four lectins with different sugar specificity: Galanthus nivalis agglutinin (GNL; binds to glycoconjugates with terminal mannose) (Van Damme and Peumans 1988; Fouquaert et al. 2007 ), Griffonia simplicifolia lectin-II (GS-II; binds to GlcNAc and agalactosylated N-glycans) (Lamb et al. 1983; Tateno et al. 2007) , Lotus tetragonolobus lectin (LTL; binds to Fucα1-3GlcNAc) (Pereira and Kabat 1974; Tateno et al. 2007 ) and wheat germ agglutinin (WGA; binds to GlcNAcβ1-4GlcNAcβ1-4GlcNAc and Neu5Ac) (Nagata and Burger 1974; Tateno et al. 2007 ). For WGA staining, a slight decrease in lectin binding to the surface of all tested COG-deficient cells was detected ( Figure 1B ), indicating a defect in protein sialylation. This result was in a good agreement with protein sialylation defects previously observed in fibroblasts isolated from COG-related CDG patients (Wu et al. 2004; Kranz et al. 2007; Zeevaert et al. 2008) . Cell treatment with neuraminidase prior to incubation with WGA partially reduced the lectin binding to control HeLa cells ( Figure 1C and Supplementary data, Figure S3 ). For LTL staining, there was no difference between the control and the COG subunit knockdown cells, indicating that COG-deficient cells are not significantly altered in expressing cell surface glycoconjugates with terminal fucoses (data not shown). The plasma membrane of all tested COG KD cells was, however, specifically stained with GS-II ( Figure 1D ) and GNL ( Figure 1E ). Likewise, the plasma membrane of both ldlB and ldlC cells was also distinctly stained with GS-II ( Figure 1G ) and GNL ( Figure 1H ). No staining was observed for either control HeLa or CHO cells. This indicated that the COG subunit knockdown cells express plasma membrane-localized galactosylated N-glycans and glycoconjugates with an increased amount of terminal mannoses. Importantly, lectin staining demonstrated no difference between the knockdowns of COGs 2-4 (lobe A) or COGs 6-8 (lobe B), indicating that the whole functioning COG complex is essential for the correct processing of plasma membrane glycoconjugates.
Golgi glycosyltransferases are mostly stable but severely mislocalized in COG-depleted cells What is the primary cause of the alterations in N-linked glycosylation of plasma membrane-localized glycoconjugates found in COG-depleted cells? Our previous investigation of glycosylation defects in COG3-and COG7-depleted HeLa cells indicated that in these cells, myc-tagged medial-Golgi enzyme MGAT1 (α-1,3-mannosyl-glycoprotein 2-beta-Nacetylglucosaminyltransferase/GlcNAcT1-myc) was extensively mislocalized to vesicle-like membrane compartment (Shestakova et al. 2006) . Three-day knockdown of COG subunits did not compromise the stability of the MGAT1 or MAN2A1 (α-mannosidase II-VSV) proteins, while the longer COG complex and glycosylation depletion had a detrimental effect on MAN2A1. We therefore investigated both protein levels and intracellular localization of medial-(MGAT1 and MAN2A1) and trans-Golgi (B4GALT1 and ST6GAL1)-localized glycosyltransferases in COG2-, COG4-, COG6-and COG8-depleted cells using cell lines that stably express tagged versions of Golgi enzymes (Figures 2 and 3) . We found that MGAT1-myc was mostly stable in all COG-depleted cells. The protein level of MAN2A1-VSV was unchanged in COG2 and COG4 KD cells and was found slightly lower in COG3, COG6 and COG8 KD cells. The endogenous trans-Golgi-localized B4GALT1 (UDP-Gal:betaGlcNAc-beta-1,4-galactosyltransferase) was mostly stable in COG6-depleted cells and slightly depleted ( 80% of wt level) in COG2 and COG4 KD cells. Intriguingly, B4GALT1 expression in COG3 and COG8 KD cells was reduced to 60-70% of the wild-type level. Although no significant depletion was found for the protein levels of ST6GAL1-VSV (β-galactoside α-2,6-sialyltransferase 1) in all investigated COG-deficient cells, the sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) mobility of VSV-positive material was altered, indicating COG-dependent defects in ST6GAL1 protein modifications. ST6GAL1 protein Fig. 2 . Stability of Golgi enzymes in COG KD cells. HeLa cells that stably express VSV or myc-tagged Golgi enzymes were mock-transfected or transfected with siRNA to COG2, COG3, COG4, COG6 and COG8. Seventy two hours after transfection, cells were collected and lysed in hot 2% SDS. Proteins from cell lysates were separated on SDS-PAGE and western blotted with antibody as indicated (A). Experiment was repeated at least three times and protein expression data were quantified. Actin expression was used as a standard (B). (C) Lysates of HeLa cells that stably express ST6GAL1-VSV were incubated with buffer or treated with PNGase F (New England Biolab) overnight before the WB with anti-VSV antibodies.
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sequence has two N-glycosylation sites (Chen et al. 2009 ) and therefore its own glycosylation could be altered in COG-depleted cells. Indeed, sample deglycosylation with PNGase F resulted in fast-migrating ST6GAL1 protein species in both control and COG-depleted cells ( Figure 1C ). Further defects in O-glycosylation of ST6GAL1 protein in COG-depleted cells may contribute to an additional increase in ST6GAL1 protein mobility.
While the stability of Golgi enzymes was not significantly compromised in HeLa cells after 3 days of COG subunit depletion, the localization of all tested enzymes was dramatically altered (Figure 3 ). In all analyzed COG KD cells, Fig. 3 . Localization of Golgi enzymes in COG KD cells. HeLa cells that stably express VSV or myc-tagged Golgi enzymes were mock-transfected or transfected with siRNA to COG2, COG4, COG6 and COG8. Seventy two hours after transfection, cells were fixed, stained with antibodies as indicated and analyzed by laser confocal fluorescent microscopy.
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MGAT1, MAN2A1 and ST6GAL1 proteins were found in multiple vesicle-like structures, as well as in large fragmented Golgi mini-stacks that were positive for the Golgi matrix protein GM130. Importantly, no difference was observed between cells depleted for either lobe A or lobe B COG subcomplexes.
The acute COG complex depletions have a minor effect on the structure of total cellular N-linked glycoconjugates To get a better understanding of the nature of glycosylation defects that occur in cells with the acute COG subunit knockdown (i.e., to get a picture of primary COG-dependent glycosylation defects), we performed a mass spectroscopy analysis of total N-linked glycoconjugates isolated from the whole lysates of control HeLa cells and siRNA-treated HeLa cells. MALDI-TOF-MS of permethylated oligosaccharides can be used for relative quantitation of oligosaccharides and is as reliable as chromatographic methods for elucidating glycan profiles. After detergent extraction of cells, glycoproteins were reduced, carboxyamidomethylated and digested with trypsin. N-glycans were then released with PNGase F before permethylation and purification on Sep-Pak prior to MALDI-TOF mass profiling ( Figure Comparison between the N-glycans from control HeLa cells and COG-deficient cells revealed no major differences for high-mannose-type structures. However, the comparison of the MALDI-TOF-MS spectra of the N-glycans purified from control HeLa cells and COG3-and COG4-deficient cells indicates a decrease in sialylation, as illustrated by the major sialylated biantennary glycans (m/z 2605 and 2966). Surprisingly, the data also show a minor increase in sialylation in the N-glycans of COG6-and COG8-deficient cells. Thus, these results suggest that there are differences between the sialylated N-glycans from COG3-and COG4-deficient cells (lobe A) and COG6-and COG8-deficient cells (lobe B).
COG complex-deficient HeLa cells are defective in the BFA-induced redistribution of Golgi resident glycosyltransferases to the ER It has been demonstrated previously that the BFA-induced retrograde Golgi-to-ER trafficking is markedly delayed in fibroblasts isolated from COG-deficient human patients (Steet and Kornfeld 2006; Foulquier et al. 2007; Kranz et al. 2007; Ng et al. 2007; Paesold Burda et al. 2009 ). To determine whether BFA-induced retrograde traffic of Golgi glycosyltransferases is affected in the COG complex-depleted HeLa cells, BFA, at a relatively low (0.25 µg/mL) concentration (Steet and Kornfeld 2006) , was added to control, COG2 KD, COG complex and glycosylation COG3 KD, COG4 KD, COG6 KD and COG8 KD GALNT2-GFP (polypeptide N-acetylgalactosaminyltransferase 2/GalNAcT2-GFP) HeLa cells for 1 h, after which the subcellular localization of GALNT2-GFP was detected using fluorescent microscopy. We found that all types of COG-depleted cells are defective in the BFA-induced Golgi redistribution of GALNT2-GFP to the ER ( Figure 5 ). Similar inhibition of Golgi disassembly was found in cells treated with a higher concentration (5.0 µg/mL) of BFA (data not shown).
To quantify the BFA resistance in COG subunit knockdown cells and to investigate this effect further, we applied BFA on control and COG complex-depleted (COG3 KD, COG4 KD and COG6 KD) HeLa cells for an hour-long assay with cells being fixed at 0, 10, 20, 30, 45 and 60 min and then analyzed the redistribution of medial-Golgi-localized MGAT1-myc (Hull et al. 1991) , medial-/trans-Golgi GALNT2-GFP and trans-Golgi enzyme ST6GAL1 as described in Materials and Methods. Three assays were completed and the average number of cells with ER-localized Golgi enzymes was calculated. For control cells ( Figure 5A ), MGAT1-myc, GALNT2-GFP and ST6GAL1 were redistributed to the ER within 20 min of application of BFA. The medial-Golgi resident protein (MGAT1) was distributed to the ER first followed by the medial-/trans-(GALNT2) and trans-Golgi proteins (ST6GAL1); however, this difference was not statistically significant in control cells. Retrograde delivery of all three enzymes was significantly delayed in COG-deficient cells ( Figure 5B-D) . We found a 20-min delay in the redistribution of the medial-Golgi enzyme MGAT1-myc, while the relocalization of more distal markers (medial-/trans-and trans-Golgi markers) was dramatically inhibited. This suggests that trans-Golgi enzymes are moving to the ER through the cis-Golgi compartments and that the COG complex is primarily responsible for the retrograde trafficking of medial-/trans-Golgi enzymes. Furthermore, we found a very similar BFA resistance in cells that were depleted for either lobe A (COG3 KD and COG4 KD) or lobe B (COG6 KD) COG complex subunits. This suggests again that the entire COG complex is essential for the retrograde trafficking of the different Golgi-localized glycosylation enzymes.
COG complex-deficient HeLa cells are normal in Golgi reassembly after the BFA washout To test whether the COG KD cells are specifically deficient for the retrograde movement of Golgi enzymes, we performed a BFA washout experiment and examined the reassembly of the Golgi. Control, COG3 KD, COG4 KD and COG6 KD cells that carry GALNT2-GFP were exposed to BFA to redistribute Golgi proteins to the ER. After that, the medium was exchanged and the dynamics of reassembly of GALNT2-GFP was captured using fluorescent microscopy ( Figure 6 ). We found that the control and COG-depleted cells behave similarly in restoring their pre-BFA phenotypes, indicating that the COG complex is dispensable for the anterograde trafficking of Golgi enzymes (Figure 6 ).
The COG complex is required for the Sar1p-DN-induced relocalization of the Golgi enzymes to the ER To further investigate the COG complex requirement for the retrograde trafficking, we employed a dominant-negative (DN) mutant of Sar1p GTPase that interferes with the formation of ER-derived COPII vesicles, causing a dis-balance in ER-Golgi bidirectional membrane trafficking and subsequent redistribution of Golgi resident enzymes to the ER (Stroud et al. 2003) .
Both control and COG complex-deficient GALNT2-GFP HeLa cells were transfected with a plasmid expressing Sar1 DN ( pSar1p-T39N) to induce retrograde trafficking of the medial-/trans-Golgi protein GALNT2-GFP (see Materials and Methods). We have found that even in control cells, relocalization of GALNT2-GFP was not complete. Three distinct Sar1 DN-induced GALNT2-GFP phenotypes were observed ( Figure 7A ): group 1 phenotype with cells which have a normal juxtanuclear Golgi ribbon, group 2 phenotype with cells which have an appearance of Golgi mini-cisterns (similar to a COG3 KD phenotype) and group 3 phenotype with Golgi enzyme localized to a vesicle-like haze and the ER.
Our analysis revealed that most of the control cells had been converted from phenotype of group 1 to phenotype of group 3 after 19 h of Sar1 DN expression ( Figure 7B ), indicating that the Golgi enzymes had been efficiently redistributed to the ER. For the COG3 KD ( Figure 7C ) and COG6 KD ( Figure 7D ) cells, we found a significant defect in Sar1 DN-induced GalNAc-T2-GFP redistribution (group 2 phenotype was maintained in COG3 KD cells and group 1 phenotype was persistent for COG6 KD cells). This result is in a good agreement with the results obtained in the experiment with BFA, supporting our conclusion that the whole COG complex is specifically required for the efficient retrograde trafficking of Golgi glycosylation enzymes.
Recycling Golgi enzymes and COG complex subunits are partially colocalize on MGAT1-positive vesicular structures To test whether the COG complex is directly involved in vesicle-mediated recycling of Golgi enzymes, MGAT1-myc cells were transfected with fluorescently labeled lobe B COG subunits RFP-COG6, COG6-GFP and COG8-GFP. Forty eight hours after the transfection, the cells were viewed with confocal microscopy to determine the colocalization of the COG subunits with MGAT1 ( Figure 8 ). All three COG subunit constructs were colocalized to each other and with MGAT1-myc on perinuclear Golgi membranes, indicating that the presence of the N-or C-terminally attached fluorescent proteins does not interfere with the function of the tagged proteins. Importantly, MGAT1 was also colocalized to a population of the COG6-and COG8-positive vesicular structures, directly implicating the COG complex in vesicle-mediated trafficking of Golgi glycosylation machinery ( Figure 8B and C) . Interestingly, the endogenous COG3 was mostly absent from these peripheral vesicle structures ( Figure 8E-F) , implicating that lobe A of the COG complex is primarily associated with large Golgi membranes and that the tethering of lobe B/MGAT1-positive vesicles to the Golgi could be regulated through the formation of the lobe A/B octameric COG complex.
Discussion
Lectin staining is an essential tool for the elucidation of defects in Golgi-localized glycosylation machinery. Wu et al. (2004) had employed a PNA-Alexa Fluor 488 conjugate stain on COG7-mutant fibroblasts showing hyposialylation of the plasma membrane glycoconjugates. Similar plasma membrane PNA staining has been done on other COG-deficient fibroblasts (Foulquier et al. 2006 (Foulquier et al. , 2007 Kranz et al. 2007 ). While the characterization of a primary cell culture is obviously important, the use of model cell lines, such as HeLa and CHO cells, provides a unique opportunity to investigate the function of a particular gene product in a controlled and reproducible manner. PNA staining was not informative in Fig. 6 . BFA-induced relocalization of trans-Golgi enzymes is specifically blocked in COG complex-deficient cells. GALNT2-GFP and MGAT1-myc HeLa cells were mock-transfected or transfected with siRNA to COG3, COG4 and COG6. Seventy two hours after transfection, cells were exposed to 0.25 µg/mL BFA for 0-, 10-, 20-, 30-, 45-and 60-min, fixed, stained for MGAT1-myc and GalT, and analyzed by fluorescent microscopy. Images were quantified by counting cells that show a complete redistribution of Golgi enzymes to the ER. Four images were captured with the 63× oil objective on a laser confocal microscope for each time point. The mean result of three independent experiments using control cells (A), COG3 KD cells (B), COG4 KD cells (C) and COG6 KD cells (D) was quantified. Error bars represent standard deviations between three independent experiments.
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HeLa cell line, since we detected a significant PNA binding to cell surface of control HeLa cells, most likely indicating the capacity of these cancer cells to express a significant amount of galactose-terminated O-linked glycoconjugates on the plasma membrane.
WGA staining of plasma membrane glycoconjugates revealed a slight decrease in lectin binding, indicating a defect in protein sialylation, previously observed in human COG-deficient patients. For the LTL, SNA and RCA staining, there was no difference between the control and the COG subunit knockdown cells, indicating that COG-deficient cells are not significantly altered in expressing cell surface glycoconjugates with terminal galactoses or fucoses (Supplementary data, Figure S4 and data not shown).
Our search for COG-specific tools yielded two lectins, GS-II and GNL, which efficiently decorated the cell surfaces of all tested COG-deficient cells. In a good agreement with this new result, we have recently demonstrated that HeLa cells expressing COG4 human-mutant alleles are positive in a GNL binding assay (Richardson et al. 2009 ), and Linstedt lab found that GS-II is capable of binding cells deficient for GM130 (Puthenveedu et al. 2006) . Staining of plasma membrane glycoconjugates with GNL and GS-II lectins in the COG-deficient cells indicated that the COG complex is important for the proper localization of both medial-Golgi enzymes MGAT1 and MAN2A1. We previously demonstrated that these enzymes are mislocalized to CCD vesicles in COG3 KD cells (Zolov and Lupashin 2005) . We have now expanded that initial observation and demonstrated that all tested Golgi enzymes are extensively mislocalized in both COG lobe A and COG lobe B-depleted cells, indicating that the entire COG complex is involved in vesicular trafficking of both MGAT1 and MAN2A1. In agreement with this idea, we now show that lobe B of the COG subcomplex is partially localized on vesicles that carry MGAT1.
Our results indicated that the acute depletion of COG complex subunits caused not only the mislocalization of trans-Golgi enzymes ST6GAL1 and B4GALT1, but also altered the stability and/or modifications of these proteins. We found a 30-40% reduction in the cellular level of the endogenous ST6GAL1 in both COG3 and COG8 KD cells. Even more striking, all COG-deficient cells expressed underglycosylated Fig. 7 . COG complex knockdown cells are not deficient in Golgi reassembly assay. MGAT1-myc HeLa cells were mock-transfected or transfected with siRNA to COG3, COG4 and COG6. Seventy two hours after transfection, cells were exposed to BFA (0.25 µg/mL) for 1 h and then allowed to recover in fresh 10% FBS medium for times indicated. The cells were fixed before BFA application, 60 min after BFA and 0-, 1-, 2-and 3-h for recovery, permeabilized with Triton X-100, stained with anti-myc antibodies and analyzed by IF microscopy (63× oil objective). Bar, 10 μm.
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species of ST6GAL1-VSV. Underglycosylation of ST6GAL1 reflected on the activity of this enzyme; as a consequence, the terminal sialylation of secreted and plasma membrane-exposed glycoconjugates diminished in COG-deficient cells resulting in reduced binding of WGA. The glycosylation of ST6GAL1 protein in HeLa cells was most extremely distorted upon COG3 and COG4 depletion and, as a result, MALDI-TOF of total N-glycans purified from COG3-and COG4-deficient cells indicates a decrease of sialylation.
While this paper was under review, Dr. F. Foulquier's laboratory published their work (Peanne et al. 2011 ) describing differential effects of COG3 and COG7 depletion on the stability of GFP-tagged B4GALT1 and ST6GAL1 in HeLa cells. They found that both proteins were stable in COG3 KD cells, but extremely unstable in COG7 KD cells. We have not specifically analyzed COG7 depletion in this work, partially because it has been done before by us and other laboratories (Shestakova et al. 2006; Sohda et al. 2010) , and partially because we found that the double knockdown with COG7 siRNA was toxic for the cell lines used in this work. Since Dr. Foulquier's conclusions were not in agreement with our results, we have repeated knockdowns of COG3, COG4, COG6, COG7 and COG8 in cells obtained from Dr. Foulquier laboratory. The depletion of the COG complex subunits was very efficient in every case (Supplementary data, Figure S5 ) and indeed, in agreement with Dr. Foulquier's publication, we observed that B4GALT1-GFP was less stable in COG7 KD cells when compare with COG3 KD cells (Supplementary data, Figure S6) . Surprisingly, this construct was stable in COG8 KD cells and its level was similar in COG4 and COG6 KD cells. Even more striking, the cellular level of the endogenous B4GALT1 was very similar in all analyzed COG KD cells. Interestingly, the endogenous ST6GAL1 in this cell line was very sensitive to COG complex depletion, but again no major differences were detected between lobe A and lobe B-depleted cells, supporting our conclusion that the entire COG complex is involved in localization of Golgi enzymes. We also observed that the stability and/or glycosylation of both ST6GAL1 and cis-Golgi-localized GPP130 were severely altered in both COG4 (lobe A) and COG7 (lobe B) cells, which may indicate the central role of these subunits in COG subcomplexes. Fig. 8 . Sar1p T39N-induced disassembly of the Golgi is delayed in COG complex-deficient cells. GALNT2-GFP HeLa cells were mock-transfected or transfected with siRNA to COG3 and COG6. Seventy two hours after transfection, the cells were transfected with plasmid expressing Sar1p T39N. Transfected cells were fixed 19 h later and analyzed by IF microscopy using 63× oil objective. Three phenotypes of localization of GALNT2-GFP were observed: phenotype 1 has a normal juxtanuclear or dilated Golgi localization. Phenotype 2 has a punctate distribution of the enzyme present in both the Golgi and ER localization. Phenotype 3 has small vesicles or ER localization of the enzyme (A). Bar, 10 μm. COG complex and glycosylation MALDI-TOF of total N-linked glycoproteins provides valuable information on the array of glycosylation defects associated with COG complex deficiencies. This methodology was used before only for secreted glycoproteins (Foulquier et al. 2007; Kranz et al. 2007; Reynders et al. 2009 ). Our data show that the glycosylation defects found for the entire population of cellular N-linked glycoproteins are rather minor.
To directly test the effect of COG complex deficiencies on the retrograde trafficking of Golgi glycosylation machinery, we induced Golgi retrograde membrane trafficking by either BFA or Sar1 DN treatments and compared the dynamics of the redistribution of different Golgi enzymes in control and COG-deficient cells. Our results indicated that cells lacking either lobe A or lobe B of the COG complex are delayed in their retrograde Golgi-to-ER delivery of the tested components of the Golgi glycosylation machinery, implying that the entire COG complex works as a global regulator of recycling/retrieval of Golgi resident glycosyltransferases. This is in a good agreement with results obtained with lectin staining. Again, COG complex-deficient cells were not defective in Golgi reassembly after BFA washout, indicating specificity of the COG complex in retrograde trafficking.
The strongest inhibition of the retrograde trafficking was observed for trans-Golgi-localized enzymes GALNT2 and B4GALT1, indicating that in BFA-treated cells, such as in control cells, trans-Golgi-localized glycosyltransferases are recycled through the early Golgi compartments and that the COG complex specifically regulates this leg of recycling of Golgi resident proteins. The COG-dependent delay in Golgi redistribution to the ER, in response to BFA treatment observed in this study, is well correlated with similar defects observed in fibroblasts isolated from human patients carrying mutations in different COG complex subunits (Wu et al. 2004) . The reason for this delay is not clear, but our experiments indicate that the dynamics of BFA-induced COPI dissociation is altered in COG-deficient HeLa cells (data not shown). Arf-GEF proteins GBF1 and BIG1 are important for the BFA-induced Golgi disassembly (Zhao et al. 2002) , and our preliminary results indicated that these proteins are mislocalized in the COG-deficient HeLa cells (Smith and Lupashin, in preparation) . Oka et al. (2004) , Ram et al. (2002) and Suvorova et al. (2002) have previously demonstrated that the COG complex functionally, and physically, interacts with the COPI complex and its intracellular dynamic is likely to be altered in COG-deficient cells.
The colocalization of the lobe B COG subunits with vesicles that carry the MGAT1 demonstrates the COG complex's direct role in vesicular trafficking of the resident Golgi enzymes.
The Warren lab (Malsam et al. 2005 ) demonstrated the existence of at least two distinct classes of Golgi-derived COPI vesicles that carry different populations of Golgi resident proteins. One vesicle population was regulated by p115/ Giantin, a pair of coiled-coil tethering factors, while the other one was regulated by the coiled-coil tethering factors golgin-84/CASP. Sohda et al. (2007) has recently demonstrated that COG2 interacts with p115, implying that the COG complex regulates the p115/Giantin class of COPI vesicles. On the other hand, both golgin-84 and CASP were previously described as GEARS ( proteins dependent on a proper COG complex function) (Oka et al. 2004 ), so it is likely that the COG complex also regulates trafficking of the golgin-84/ CASP class of COPI vesicles.
Our results demonstrate that cell surface lectin staining and mass spectrometry analysis of glycosylation-deficient cells cannot substitute each other. A combination of these two methods is a valuable approach for detecting a complete set of COG complex-related glycosylation deficiencies.
In this work, we have detected a relatively small number of COG-positive vesicle-like structures carrying a Golgi enzyme. It is likely that at steady state, the vesicle recycling process is very efficient and the number of "free" transport vesicles is limited. COG depletion leads to a dramatic increase in the number of nontethered CCD vesicles (Zolov and Lupashin 2005; Shestakova et al. 2006) . These vesicles likely represent a mixed population of COG complex-dependent intra-Golgi membrane carriers that serve to recycle/retrieve different components of Golgi glycosylation machinery. Further investigation of CCD vesicles should uncover the other components of vesicle targeting machinery that directs the efficient intra-Golgi vesicular trafficking and Golgi maintenance.
Materials and Methods
Reagents and antibodies
Lectins (with their concentrations) used were as follows: G. simplicifolia lectin-II (GS-II)-Alexa 594 (100 µg/mL, Invitrogen, Carlsbad, CA), Alexa 488-Peanut Agglutinin (PNA) (20 µg/mL, Invitrogen), PNA-rhodamine (20 µg/mL, Vector Laboratories, Burlingame, CA), Galanthus nivalus lectin (GNL)-Alexa 647 (20 µg/mL, Vector), L. tetragonolobus lectin (LTL)-Alexa 647 (20 µg/mL, Vector) and WGA-rhodamine and WGA-fluorescein (both 5 µg/mL; Vector). GNL and LTL were labeled with an Alexa 647 protein labeling kit from Invitrogen (Carlsbad, CA).
Antibodies used for immunofluorescent (IF) microscopy or western blotting (WB) were purchased through commercial sources, gifts from generous individual investigators or generated by us via affinity purification. Antibodies (and their dilutions) were as follows. Mouse monoclonal antibodies: GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) WB 1:1000, β-actin (Sigma, St. Louis, MO) WB 1:10,000, β-COP (Sigma) IF 1:200, GalT (a gift from Dr. Brian Storrie, UAMS) IF 1:50, Cog3 (this lab) WB 1:1000 ); rabbit polyclonal antibodies: myc (Bethyl Laboratories, Montgomery, TX) IF 1:3000, affi-pure Cog3 (this lab) WB 1:10,000 (Suvorova et al. 2001) , affi-pure Cog4 (this lab) WB 1:1000, affi-pure Cog6 (this lab) WB 1:1000, affi-pure Cog8 (this lab) WB 1:1000 ); goat polyclonal antibodies: B4GALT1 (R&D Systems, Minneapolis, MN) WB 1:1000, ST6GAL1 (R&D Systems) WB 1:1000.
Secondary anti-goat-horseradish peroxidase (HRP), anti-mouse-HRP and anti-rabbit-HRP for WB were obtained from Jackson ImmunoResearch Laboratories (Baltimore, MD). IRDye 680 goat anti-rabbit, IRDye 700 goat anti-mouse and IRDye 800 donkey anti-goat for WB were obtained from LI-COR Biosciences (Lincoln, NE). Anti-rabbit HiLyte 488, anti-rabbit HiLyte 555 and anti-mouse HiLyte 647 for IF were obtained from AnaSpec, Inc (San Jose, CA).
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Cell culture
HeLa cells stably expressing GALNT2-GFP and MGAT1-myc were obtained from Dr. Brian Storrie (UAMS) (Nilsson et al. 1994; Rottger et al. 1998) . These cells were cultured in Dulbecco's modified Eagle medium (DMEM)/F-12 50/50 medium supplemented with 15 mM HEPES, 2.5 mM L-glutamine, 10% fetal bovine serum (FBS) and 0.4 mg/mL G418 sulfate. Cells were grown at 37°C and 5% CO 2 in a 90% humidified incubator. HeLa cells stably expressing GFP-tagged B4GALT1 (aa 1-50) (GalT1-GFP) were obtained from Dr. Francois Foulquier (Universite des Sciences et Technologies de Lille, France). Cells were grown in DMEM supplemented with 10% FBS and 2.5 mM L-glutamine at 37°C and 5% CO 2 in a 90% humidified incubator.
CHO cells, along with the COG1 knockout (ldlB/COG1 KO) and the COG2 knockout (ldlC/COG2 KO) mutant CHO cells, were obtained from Dr. Monty Krieger (MIT). CHO cells were grown in DMEM/F-12 50/50 with 15 mM HEPES, 2.5 mM L-glutamine, 5% FBS and 1% antibiotic/antimycotic (100 U/mL penicillin G, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B). Cells were grown at 37°C and 5% CO 2 in a 90% humidified incubator. All cell culture media and sera were obtained from Invitrogen (Carlsbad, CA).
siRNA-induced knockdowns siRNA duplexes for COG2, COG3, COG4, COG6 and COG8 (Zolov and Lupashin 2005; Smith et al. 2009 ) were obtained from Dharmacon (Chicago, IL). Transfection was performed using either oligofectamine or lipofectamine RNAiMAX siRNA Transfection Reagent (Invitrogen), following a protocol recommended by Invitrogen. Two cycles of transfections (100 nM siRNA each) were performed and cells were analyzed 72 h after the second cycle.
Plasmid preparation and transfection
The plasmid for pSar1p-T39N was described previously (Stroud et al. 2003) . The RFP-COG6, COG6-GFP and COG8-GFP plasmids were created by subcloning COG6 or COG8 (Shestakova et al. 2007 ) into pRFP-C1 and pGFP-N1 plasmids (Clonetech, Palo Alto, CA), respectively. Plasmids were isolated from bacterial cells using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA). Plasmid DNA transfections into tissue culture cells were performed with Lipofectamine 2000 (Invitrogen) or with FuGene (Roche Applied Science, Indianapolis, IN), according to the manufacturer's protocol.
IF microscopy
For IF, cells were grown on 12 mm glass coverslips (#1, 0.17 mm thickness) 1 day before transfection. Seventy two hours after siRNA transfection, cells are fixed and stained with antibodies as previously described (Jiang and Storrie 2005; Shestakova et al. 2006) .
In short, cells were fixed in 4% paraformaldehyde (16% stock solution; Electron Microscopy Sciences, Port Washington, PA) and then treated with 1% Triton X-100 for 1 min. After following incubation with 50 mM ammonium chloride for 5 min, cells were washed with phosphate-buffered saline (PBS) and blocked twice for 10 min with 1% bovine serum albumin (BSA) and 0.1% saponin in PBS. Cells were then incubated for 30-60 min at room temperature with primary antibody diluted in the 1% cold fish gelatin, 0.1% saponin in PBS, washed four times with PBS and incubated for 30 min with fluorescently tagged secondary antibody (1:400 Hilyte; AnaSpec) in antibody buffer at room temperature. After that, coverslips were washed four times with PBS, rinsed with ddH 2 O and mounted on glass microscope slides using Prolong ® Gold antifade reagent (Invitrogen). Cells were imaged with the 63× oil 1.4 numerical aperture (NA) objective of an LSM510 Zeiss Laser inverted microscope outfitted with confocal optics. Image acquisition was controlled with LSM510 software (Release Version 4.0 SP1).
Lectin staining of intact cells
Lectin staining was performed with both fixed and unfixed cells. In the first protocol, control and knocked-down HeLa cells (generally, 96 h after the siRNA-induced transfection) were rinsed in 1× DPBS and fixed with 1% paraformaldehyde for 10 min at room temperature. After incubation in 50 mM ammonium chloride for 5 min at room temperature, cells were washed in PBS and blocked with 0.1% BSA in PBS. Finally, cells were incubated with PNA-rhodamine and WGAfluorescein for 1 h at room temperature, washed with PBS and visualized using confocal microscopy.
For control experiments such as desialylation of cell monolayers with Vibrio cholerae neuraminidase (Roche), cells were incubated with neuraminidase, 50 mU/mL for 1 h at 37°C with the following with lecting staining.
To confirm that the cell surface binding of lectins is a carbohydrate-specific phenomenon, control staining in the presence of 10 mM lactose was performed.
For lectin staining of unfixed cells, control and knockeddown (generally, 96 h after the siRNA-induced transfection) GALNT2-GFP HeLa cells were rinsed in 1× DPBS at 4°C and placed in cold DPBS and allowed to chill at 4°C for 15 min to reduce endocytosis. PNA-rhodamine, GS-II-Alexa 594, GNL-Alexa 647, LTL-Alexa 647 and WGA-fluorescein were all diluted in cold 10% FBS DMEM/F-12 (50:50) media without antibiotics and allowed to incubate for 20 min at 4°C. Cells were washed with DPBS at 4°C four times and fixed in 4% paraformaldehyde for confocal microscopy.
BFA-induced Golgi fragmentation and recovery BFA was used in a final concentration of 0.25 µg/mL (Steet and Kornfeld 2006) . BFA in 10% FBS in DMEM/F-12 medium without antibiotics/antimycotics was applied over the 60 min time course on stably expressing MGAT1-myc and GALNT2-GFP HeLa cells grown on glass coverslips. Cells were fixed and stained as indicated and visualized using confocal microscopy. The resulting images were quantified by manual counting to estimate the percentage of cells containing no Golgi remnants (complete ER distribution; n > 50).
For BFA recovery experiment, cells after 60 min of incubation with BFA were washed three times with 1× DPBS, transferred to a preheated fresh media with 10% FBS and COG complex and glycosylation Fig. 9 . Vesicles that carry MGAT1 contain lobe B COG complex subunits. RFP-COG6 and COG6-GFP plasmids (A, B), RFP-COG6 and COG8-GFP (C, D) or RFP-COG6 (E, F) were cotransfected in MGAT1-myc-myc HeLa cells. After 48 h, cells were fixed, stained with anti-myc and/or anti-COG3 antibodies and developed using HyLite-647-conjugated anti-rabbit antibodies, HyLite-647-conjugated anti-mouse antibodies and/or HyLite-488-conjugated anti-mouse antibodies. Cells were viewed by dual-laser confocal microscopy (63× oil objective). RFP-COG6, COG6-GFP and COG8-GFP positively colocalize with the MGAT1-myc on large Golgi cisternae as well as small vesicle-like membranes (red arrows). Staining with endogenous COG3 reveal no colocalization with the RFP-COG6/MGAT1-myc-positive vesicle structures.
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incubated at 37°C and 5% CO 2 in a 90% humidified incubator. Cells were fixed at 1-, 2-, and 3-h and analyzed on the laser confocal microscope. N-glycan preparation for mass spectrometry Control, COG3 KD, COG4 KD and COG6 KD HeLa cells were grown on 10 cm culture plates to 90% confluency. Cells were lysed and homogenized by Dounce homogenizer in Tris buffer (50 mM, pH 7.4) with 1% (w/v) SDS. The homogenate was dialysed in 12-14 kDa cut-off dialysis tubing in an ammonium hydrogen carbonate solution (50 mM, pH 7.4) for 48 h at 4°C and lyophilized. The proteins/glycoproteins were reduced and carboxyamidomethylated followed by sequential tryptic and peptide N-glycosidase F digestion and Sep-Pak purification. Permethylation of the freeze-dried glycans, MALDI-TOF-MS and electrospray MS/MS analyses of permethylated glycans were performed as described elsewhere (Morelle and Michalski 2007) .
SDS-PAGE and WB
SDS-PAGE and WB were performed as described previously (Suvorova et al. 2002) . The blots were incubated first with primary antibodies and then with a secondary immunoglobulin G (IgG) antibody conjugated with IRDye 680 or IRDye 800 dyes. The blots were scanned and analyzed with an Odyssey Infrared Imaging System (LI-COR). Alternatively, a signal was detected using an enhanced chemiluminescent reagent for HRP from Pierce (Rockford, IL) and quantified using IMAGEJ software (http://rsb.info.nih.gov/ij/).
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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